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IDENTIFYING THE OPTIMAL BODY SHAPE AND COMPOSITION ASSOCIATED WITH 
STRENGTH OUTCOMES IN CHILDREN AND ADOLESCENT ACCORDING TO PLACE OF 
RESIDENCE: AN ALLOMETRIC APPROACH 
 
Abstract 
The purpose of the study was to identify the optimal body shape and composition associated with 
physical fitness levels of children living in urban and rural areas of Italy. A total of 7102 children (11-14 
years) were assessed for weight, height, percentage body fat (FM%), sit-and-reach flexibility (SAR), 
standing broad jump (SBJ) and sit-ups (SUP). A multiplicative allometric model, Y = a · mass
k1 · height
k2 
·  was used to predict the physical outcome variables Y=SBJ and SUP. The model was expanded to 
incorporate FM% and SAR as follows Y = a · mass
k1 · height
k2 · FM%
 k3 · exp(b· FM% + c· SAR) ·Note 
that FM% was incorporated as a ‘gamma function’ that allows an initial growth, and subsequent decline 
in Y as FM% increases in size. Although having an ectomorph body shape appears advantageous, being 
too thin appears detrimental to the strength outcomes. Being flexible would also benefit physical fitness 
levels. Finally, our results indicate that urban children aged 11 to 14 have superior strength outcomes 
compared with rural children, having controlled for differences in body shape and composition, a finding 
that may be associated with rural environments having fewer exercise facilities compared with urban 




Physical fitness outcomes are affected by large variations during growth (Lloyd, Oliver, Faigenbaum,  
Myer & De Ste Croix, 2014). One of the most important body shape indices associated with fitness, at 
least during childhood, is the ponderal index (Bjerregaard et al., 2014; Smith, Montaño, Dishion, Shaw & 
Wilson, 2015). The association between physical fitness level and the ponderal index remains 
controversial, however. Physical fitness involves several different components, including muscular 
strength, flexibility, motor skill coordination (Vandorpe et al., 2011), speed agility and endurance 
capacity (the cardiorespiratory tests are the most administrated test to define the physical efficiency; 
Bouchard, Shephard & Stephens, 2011; Deforche et al., 2003). Furthermore, Lovecchio & Zago (2018) 
recently demonstrated equal results (Sit and Reach, Standing Broad Jump, Shuttle Run Test 5mx 10, Sit 
ups) for young children in different body-mass index ([BMI] weight in kg divided by height in meters 
squared) categories. Given the general growth path and the fluctuations across different BMI categories 
during childhood (Cole, Bellizzi, Flegal & Dietz, 2000; Cole, Flegal, Nicholls & Jackson, 2007), 
allometric analysis has been proposed as the most robust approach to evaluate physical outcomes during 
growth (Bustamante Valdivia, Maia & Nevill 2015; Dos Santos et al., 2018; Nevill & Holder, 1985,2000; 
Silva et al., 2016). 
 
Moreover, analysis of physical fitness in young people should also take into account the individual’s 
social and environmental context. Differences in eating habits, access to sport facilities, and opportunities 
for physical fitness activities can depend on the population density of an area (rural/urban context; 
Carlson et al., 2014; Malina, Peña Reyes & Little, 2008). Malina et al. (2008) found higher levels of 
physical activities (MET intensity; Ainsworth et al., 2000) in urban young people due to the availability 
of sport facilities and to their higher Socio-Economic-Status. In contrast, increased sedentary lifestyles 
and lower levels of physical activity were reported for urban residents (Seefeldt, Malina & Clark, 2009). 
More recently, no significant differences between rural and urban communities were found  in terms of 
the amount of metres walked, perception of self-efficacy, heart rate and intensity of physical activity 
(Carlson et al., 2014; Collins, Al-Nakeeb, Nevill, & Lyons, 2012), particularly when the assessment 
excluded cardio-fitness trials (Lovecchio, Novak, Eid, Casolo & Podnar, 2015).  
Despite these inconsistencies, the rural-urban differential is an important macro-factor that influences 
participation in physical activity (Tsimeas, Tsiokanos, Koutedakis, Tsigilis & Kellis, 2005) and cannot be 
dissociated from general growth (Vandorpe et al., 2011). Hence the aim of this study was to compare 
physical fitness levels in children living in urban and rural areas using allometric scaling to obtain the 
optimal body shape and body composition associated with such weight-baring physical activities. 
 
MATERIALS AND METHODS 
Participants  
A total of 7102 junior high school children (3058 boys; 4044 girls) aged 11-14 years living in an urban or 
rural area of norther Italy volunteered to participate in the study. The children were assessed for weight, 
height, percentage body fat (estimated using skinfold thickness, see below) and physical fitness level. 
Inclusion criteria were: no history of illness potentially affecting growth; no neurological, orthopedic or 
cardiovascular diseases; active participation in physical education (PE) classes. Children found in good 
general health were deemed eligible. The parents (or legal guardians) gave written, informed consent 
after having received a detailed explanation of the study procedure and possible risks. Children gave their 
verbal consent and were informed that involvement in the study could be interrupted at any time. The 
study was conducted in accordance with the Declaration of Helsinki (as revised in 1983) and after 
approval of the regional office of Ministry of Education (drlo-09-1516; Prot. EF-230). All data were 
collected during PE classes. The mean (SD) anthropometric characteristics of the children by sex and 
place of residence (urban or rural) are given in Table 1. 
 ****Table 1 near here**** 
 
Anthropometric characteristics 
Anthropometric measurements of height and weight were taken according to standard procedures 
described by the International Society for the Advancement of Kinanthropometry (Clarys, Provyn, 
Marfell-Jones & Van Ro, 2006). Height was measured with a stadiometer to the nearest 0.1 centimeter 
(cm) with participants barefoot standing in an upright position with the head in the Frankfort plane. 
Weight was measured to the nearest 0.1 kilogram (kg) with an electronic scale with participants wearing 
minimal clothing, BMI was then calculated. 
The percentage of FM (FM%) was estimated using skinfolds (known to be associated with body fatness 
in young people; Duren et al, 2008; Boeke et al, 2013). Skinfold thickness were measured in triplicate to 
the nearest 0.1 cm at the triceps and subscapular crest (Heymsfield et al., 2005) with Harpenden calipers 
(HSK-BI, British Indicators, Weybridge, UK). The percentage of FM (FM%) was then determined using 
the formula proposed by Blaha & Vignerova (2002) and Carter (2002): 
Boys FM % = 0.735 x (triceps skinfold + subscapularis skinfold) + 1 
Girls FM % = 0.61 x (triceps skinfold + subscapularis skinfold) + 5.1 
 
Place of residence  
The classification of urban and rural was based on the criteria suggested by Pokos (2002) and Tsimeas, et 
al. (2005) as indicated by the United Nation (2002): towns with a population of 10.000 or more were 
classified as urban. towns with less than 10.000 was classified as rural. In particular, the rural area 
(including three Region in North Italy) was the Pianura Padana: an area characterized by agricultural 
cooperative society farms and woods. The urban area was represented by the metropolitan district of 
Milano city: the richest and most developed city in Italy (C.I.A., 2011). 
 
Physical fitness tests 
Three tests were selected from a reliable and valid battery of physical fitness tests (Council of Europe, 
1998; Kemper & Van Mechelen, 1996; Ruiz et al, 2011; Tomkinson, Olds & Borms, 2007): standing 
broad jump (SBJ), sit-ups (SUP) and sit and reach (SAR) were performed to define explosive strength, 
the endurance strength and flexibility of the hamstring and the spine muscles; respectively. In particular, 
the three fitness tests (from the Eurofit Battery) were selected because their results are considered 
independent (Castro-Piñero et al, 2010; Lovecchio, Casolo, Invernizzi & Eid, 2012), free of instructor 
influence, simple to administrate, inexpensive and easy to organize in the school setting (Huotari, 
Nupponen, Laakso, & Kujala, 2010; Kemper & Van Mechelen, 1996; Tomkinson et al, 2007, 2017). A 
brief explanation is reported below (Council of Europe., 1998). 
Standing broad jump (SBJ): Each participant performed distance jumps from a standing start (systematic 
error nearly to 0; Ortega et al., 2008). While performing the jumps, the Participants were asked to bend 
their knees with their arms in front of them, parallel to the ground, then to swing both arms, push off 
vigorously and jump forward as far as possible, trying to land with their feet together and stay upright. 
The best out of two attempts was taken as the final score (expressed in centimeters). 
Sit-ups: The maximum number of sit-ups achieved in 30 s (SU30) was recorded (ICC values ranged from 
0.85 to 0.98; Artero et al., 2011). The subjects were instructed to keep their fingers interlocked behind the 
head while curling up to a sitting position until their body was vertical, then return to the floor. This test 
assesses abdominal endurance strength. One trial was evaluated. 
Sit and reach (SAR): The European protocol of SAR test requires a box which has a scale marked out on 
the upper side (ICC= 0.98; Bozic et al., 2010). The subject sits on the floor with his both knees extended 
and the feet placed flat against the device (referencing at zero). The subject is then asked to reach slowly 
forward over the measuring device with both hands as far as possible and hold this position for 2 seconds.  
 
Statistical Methods 
The multiplicative model (Eq.1) with allometric body-size components was used to identify the most 
appropriate body size and shape characteristics associated with, as well as detect any categorical 
differences (e.g., sex, age, place of residence urban vs. rural) in, two physical performance variables (SBJ 
and the number of sit-ups performed in 30 s (SUP). The model is similar to that used to predict the 
physical performance variables of Greek children (Nevill, Tsiotra, Tsimeas & Koutedakis, 2009).  
Y = a · mass
k1 · height
k2 ·  (1) 
The model has the advantage of having proportional body-size components and a multiplicative error that 
assumes,  will increase proportionally with the physical performance variable Y (see Fig. 1). 
 
 ****Figure 1 near here**** 
The model (Eq. 1) can be expanded to incorporate FM% and SAR as follows; 
Y = a · mass
k1 · height
k2 · FM%
 k3 · exp(b· FM% + c· SAR) · (2) 
There are considerable advantages in incorporating FM% in the multiplicative model (Eq. 2) as both a 
proportional allometric term (FM%
 k3 ) as well as within the exponential function (see Nevill and Holder, 
1999). By doing so, the terms provide a form of ‘gamma function’ within the model that is able to 
describe an initial growth in physical performance with FM% (associated with overly thin children) as a 
proportional or allometric term that will peak but then slowly decline with excessive FM% (as a negative 
exponential term).  
 
The models (Eqs. 1 and 2) can be linearized with a log transformation. A linear regression analysis on 
log(Y) can then be used to estimate the unknown parameters of the log transformed models:  
log(Y)= log(a) + k1·log(height)+k2·log(mass) + log() 
log(Y)= log(a) + k1·log(height)+k2·log(mass) )+ k3·log(FM%)+ · b· FM% + c· SAR + log() 
Further categorical or group differences within the population, e.g. sex, age (entered as discrete 
categories, 11 to 14 years old) and place of residence (urban vs. rural) can be explored by allowing the 
constant intercept parameter ‘log(a)’ to vary for each group by introducing them as fixed factors within an 
ANCOVA. The significance level was set at P<0.05. 
  
RESULTS 
The mean (SD) physical fitness tests results by sex, age and place of residence are given in Table 2. 
****Table 2 near here**** 
Standing Broad Jump test 
The estimated allometric parameters from the two multiplicative models relating the SBJ distance to the 
body-size components in Eq.1, and the model Eq. 2 incorporating FM% and SAR, are given in Table 3.  
 
****Table 3 near here**** 
 
The multiplicative model (Eq.1) relating the SBJ distance to the body-size components for SBJ was:  





With a positive height and a negative mass exponent, the model suggest the optimal body-size height-to-




Fitting Model (Eq.1) revealed significant differences in the constant ‘a’ parameter due to sex (P<0.001), 
age (P<0.001) and by place of residence (urban vs. rural) (P<0.05), together with two interactions 
between the categorical variables age and sex (P<0.001; Figure 2a) and age and place of residence 
(P<0.01; Figure 2b).  
 
****Figure 2a,2b near here**** 
 
As soon as the terms FM% and SAR terms were incorporated into Model (Eq.2) to predict SBJ distance, 
the dominance of the negative body-mass term was replaced by the more sensitive fat-mass (%) terms, 
entered as a gamma function (compare the T-test scores in Table 3). The model predicts a small initial 
rise, but then an overall decline in SBJ with greater FM%. Differential calculus reveals that peak SBJ 
occurs at FM%=-(0.158-0.072)/(-0.015) =5.7% in boys and FM%=-0.158/(-0.015) =10.7% in girls based 
on the estimated gamma function terms from Table 3, see plots for boys and girls in Figure 3. 
 
****Figure 3 near here**** 
 
Note that the sit-and-reach (SAR) test results are positively associated with log-transformed SBJ 
performance, see Table 3. 
 
The effect of incorporating FM% and SAR into the Model (Eq.2) to predict SBJ distance revealed 
significant differences in the constant ‘a’ parameter due to age (P<0.001) and place of residence (urban 
vs. rural) (P<0.05) BUT not sex (P>0.05). The two interactions remained as before but the gap between 
boys’ and girls’ Ln(SBJ) performances in the sex-by-age interaction was greatly reduced, see Figure 2c. 
The interaction between place of residence (urban vs. rural) and age on jump distance (log transformed) 
remained largely unchanged.  
 
****Figure 2c near here**** 
 
Sit-Up test 
The estimated allometric parameters from the two models relating the number of SUP to the body-size 
components in Eq.1, and the model Eq. 2 incorporating FM% and SAR, are given in Table 4.  
 
****Table 4 near here**** 
 
The multiplicative model relating the number of sit-ups performed in 30 s (SUP) to the body-size 
components identified the mass and height exponents as k1= -0.307 (SEE=0.019) and k2=0.958 
(SEE=0.081) respectively. The body-mass and height components associated with the model (Eq.1) for 
the number of sit-ups in 30 s can be rearranged and expressed as a height-to-mass ratio within a 
















. The 95% confidence interval (CI) for the rearranged/rescaled mass 
exponent -0.320 is (-0.358 to -0.282). Note that this height-to-body mass ratio is very similar to the 
reciprocal ponderal index (RPI) = height ·mass
-0.333
, since the 95% CI encompasses -0.333. 
 
When we fitted Model (Eq.1) to the log-transformed SUP, the constant ‘a’ parameter varied by sex 
(P<0.001), age (P<0.001) and by place of residence (urban vs. rural) (P<0.001) together with two 
interactions between the categorical variables age and sex (P<0.001; Figure 4a) and age and place of 
residence (P<0.05; Figure 4b).  
 
****Figure 4a,4b near here**** 
 
As soon as the terms FM% and SAR terms were incorporated into Model (Eq.2) to predict the number of 
SUP distance (see Table 4), once again the dominance of the negative body-mass term was replaced by 
the more sensitive fat-mass (%) terms, entered as a gamma function (compare the T-test scores in Table 
4). As with the LnSBJ model, the model for LnSUP predicts a small initial rise, but then an overall 
decline in SUP with greater FM%. Differential calculus reveals that peak in SUP occurs at FM%=-
(0.263-0.139)/(-0.018) =6.8% in boys and FM%=-(0.263)/(-0.018) =14.4% in girls based on the estimated 
gamma function terms from Table 4. 
 
The sit-and-reach (SAR) results were again positively associated with log-transformed SUP 
performances, see Table 4. 
 
The effect of incorporating FM% and SAR into the Model (Eq.2) to predict the number of SUP revealed 
significant differences in the constant ‘a’ parameter due to age (P<0.001), sex (P<0.001)  and place of 
residence (urban vs. rural) (P<0.05). Only the sex-by-age interactions remained but, as with the sex-by-
age interaction with SBJ, the gap between the boys and girls was greatly reduced, see Figure 4c.  
 
****Figure 4c near here**** 
 
DISCUSSION 
The initial findings of the current study identified differences in children’s strength outcomes due to sex, 
age and habitat (urban versus rural) having controlled for differences in body size (height and body mass) 
using allometry. The allometric model (Eq. 1) identified the optimal height-to-body mass ratios associated 









 respectively. With a positive height and a negative mass exponent (being approximately -1/3), 
these models indicate the optimal body-size or height-to-mass ratio associated with SBJ and SUP is 
approximately the reciprocal ponderal index (RPI) = height ·mass
-0.333
. The RPI suggests that taller, more 
linear or ectomorphic children (W. H. Sheldon's classification of body types that measures the body's 
degree of slenderness and angularity) will perform better at such physical fitness tests.  
 
Previous authors have reported similar findings with a variety of physical performance outcomes 
including dynamic muscle strength (Bustamante Valdivia et al., 2015; Markovic, 2004; Nevill et al., 
2009; Silva et al., 2016) and general motor skills (Dos Santos et al., 2018). The negative effect of body 
mass in the RPI when predicting both SBJ and SUP is obvious (i.e., the power-weight ratio), but the 
positive relationship between height and performance is not so clear, although an increase in height in 
children and adolescent is often accompanied by an increase in muscle strength (Lieber, 2010) and 
therefore in power output.  
Our initial findings indicate that more linear and ectomorphic children will perform better at physical 
performance tasks such as SBJ and SUP. However, being too lean might also be detrimental to physical 
performance. For this reason, we introduced FM% as an additional predictor of the physical performance 
variables (Eq.2), entered as a gamma function. We also added the sit-and-reach (SAR) results to explore 
whether being more flexible might also benefited the children’s performances. 
The results reported for the model (Eq.2) in Tables 3 and 4 confirm our thoughts. The dominant 
(negative) body-mass term used in model (Eq. 1) was replaced by the more sensitive fat-mass (FM%) 
terms, entered as a gamma function (for the relative importance, see the T-test scores in Tables 3 and 4). 
The model predicts a small initial rise, but then an overall decline in both SBJ and SUP with increasing 
FM%. The peak in SBJ occurs at FM%=5.7% in boys and FM%=10.7% in girls, whilst the peak in SUP 
occurs at FM%=6.8% in boys and FM%=14.4% in girls (based on the estimated gamma function terms 
from Tables 3 and 4 respectively) The nature of the gamma-function curves can be seen in Figure 3. 
Being flexible also appears to benefit children’s SBJ and SUP performances. Tables 3 and 4 reveal that 
for every 10 cm increase in SAR, the SBJ and SUP performances increased by 3% (T-test score=15.5) 
and 4.6% (T-test score-12.9) respectively. The finding that flexibility is positively associated with 
physical performance tests is a novel insight although an article by García-Pinillos et al. (2015) did find 
evidence that greater hamstring flexibility benefitted a number of physical performance tests including 
vertical jump performance in semi-professional academy footballers. In their discussion the authors argue 
that “a muscle with greater length shows a higher rate of shortening and, consequently, a stiffer 
musculotendinous unit. This may facilitate performance by improving the force production 
capabilities of the contractile component and by enhancing initial force transmission. We therefore 
hypothesised that players with poor HF would show a lower performance on explosive tasks than 
players with better flexibility”. Whether being flexible leads to better strength performances or whether 
superior strength outcomes result in greater flexibility is unclear and must be considered a limitation of 
our cross-sectional study. Nevertheless, it is an intriguing finding and one that provides a valuable 
opportunity for future research. 
Significant differences in the Ln(SBJ) and Ln(SUP), due to sex and age having controlled for differences 
in height and body mass (Eq.1), can be seen clearly in Figure 2a and 4a. Boys outperformed girls in both 
tasks, a gap that increased with age, a finding that will almost certainly be explained by the children, in 
particular the boys, going through puberty at this age (11 to 14 years).  
 
Overall, urban children outperformed their rural counterparts in both Ln(SBJ) (Tab 2b) and Ln(SUP) (Tab 
4b), having controlled for differences in body size (Eq.1). These results are supported by Zheng & An 
(2015) who reported that, compared to their matched urban counterparts, rural residents are 8.1% 
(p<0.0001) more likely to be physically inactive in their leisure time and 5.8% (p=0.005) less likely to 
live within 30-minute walking distance to the nearest exercise facility. Other factors that might help 
explain our findings include environment differences (Carlson et al., 2014; De Greeff et al., 2014; 
Jaworski, Zychowska & Szopa, 2003; Malina, Zavaleta & Little, 1987), social economic factor 
(Tomkinson, et al., 2007) and family tradition (Sauka et al., 2011) that play an important role in the active 
life style and sport adherence of urban people. There is also some evidence that young people living in 
rural communities are more likely to be sedentary (Plotnikoff et al., 2004). 
The above differences (due to sex, age and location) remained similar when we applied the expended 
allometric model to include the FM% and SAR terms (Eq.2). The effect of incorporating FM% into the 
Model (Eq.2) to predict Ln(SBJ) and Ln(SUP) had the effect of reducing the gap between boys and girls 
performances, see Figure 2c and 4c. Given that girls have over 60% more FM% than boys (see Table 1), 
when FM% is taken into account, the girls performances are similar. This reduced sex-difference effect 
can be seen in Figure 3.  Clearly, in absolute terms the girls Ln(SBJ) are lower than the boys but because 
their performances are also offset to the right, the gamma function lines now overlap, suggesting that for 
the same FM%, the boys and girls  Ln(SBM) performances are similar. 
 
In summary, initially our results suggest that the optimal shape associated with two mass-dependent 
physical activities is an ectomorph body shape (linear physique). However, when we incorporated the 
BF% and SAR terms into the allometric model (Eq.2), new insights we obtained. Although having an 
ectomorph body shape (linear physique) appears advantageous overall, being too thin can be detrimental 
to these strength outcomes. Another novel insight was obtained when we incorporated the SAR test into 
the allometric model (Eq. 2). For these children aged 11 to 14, being flexible would appear to benefit their 
strength outcomes. Whether being flexible leads to better strength outcomes or whether superior strength 
results in greater flexibility is unclear, however this intriguing finding provides a valuable opportunity for 
future research. Finally, our results indicate that urban children aged 11 to 14 have superior strength 
outcomes compared with rural children, having controlled for differences in body size/shape, a finding 
that may be associated with rural environments having fewer exercise facilities compared with urban 
conurbations.  
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